We consider possible detection of nonclassicality of primordial gravitational waves (PGWs) by applying Hanbury Brown -Twiss (HBT) interferometry to cosmology. We characterize the nonclassicality of PGWs in terms of sub-Poissonian statistics that can be measured by the HBT interferometry. We show that the presence of classical sources during inflation makes us possible to detect nonclassical PGWs with the HBT interferometry. We present two examples that realize the classical sources during inflation.
Introduction
One of the cornerstones of inflationary cosmology is that the large scale structure of the universe has a quantum mechanical origin. Primordial gravitational waves (PGWs) from inflation could also arise out of quantum fluctuations. These invite the question of whether compelling observational evidence for the nonclassical nature of the initial fluctuations can be found.
The direct detection of gravitational waves in 2015 [1] encourages us to find a way to address this question. Indeed, to detect PGWs is now an important target for gravitational wave physics [2, 3] . They interact very weakly with matter, travel through the universe virtually unimpeded, and hence give us information about the origin of the universe. In order to detect them at present, the energy scale that generates them has to be around GUT scale in the conventional inflationary scenario. It is difficult to find a possible scenario other than the inflationary scenario to realize such high energy scale. In this sense, it has been believed that, if PGWs were detected, it could be regarded as a proof of inflationary cosmology. Recently, it was shown that the necessary energy scale for generating them can be reduced in the presence of gauge fields during inflation [4] . In this case, the PGWs have circular or linear polarization and then carry information about the model of inflation as well. Hence, besides the quantum mechanical origin of the universe, they would tell us the inflationary scenario that the universe experienced. On top of that, if we succeeded in detecting nonclassicality of PGWs, it would imply discovery of gravitons.
Quantum entanglement is an essential feature of nonclassicality that quantum correlations are shared between distant particles even beyond the cosmological horizon [5] . Several studies have been made on quantifying the initial state entanglement by using some measure of entanglement such as the entanglement entropy [6, 7, 8, 9, 10, 11, 12, 13, 14] , entanglement negativity [15] , quantum discord [16] and the Bell inequality [17, 18, 19, 20, 21] and so forth. If nonclassical PGWs were detected, we may be able to find information about the entanglement of the initial quantum state.
In this work, we characterize nonclassicality by counting graviton numbers in a given state as is often done in quantum optics [22] . It is known that the particle number distribution for coherent fields is Poissonian. Namely, the mean number of gravitons is identical to its variance. In other words, the Fano factor (the ratio of variance to mean) equals to one. Note that the distribution of gravitons in classical theory is always super-Poissonian and the Fano factor is above one. Hence, sub-Poissonian distribution of graviton numbers or the Fano factor below one must be a signature of nonclassicality. The point is that the sub-Poissonian statistics can be detected with Hanbury Brown and Twiss (HBT) interferometry [23, 24] .
In inflationary cosmology, the Bunch-Davies vacuum is usually assumed as the simplest initial state of quantum fluctuations of the universe. This is because spacetime looks flat at short distances and quantum fluctuations are expected to start in a minimum energy state. The Bunch-Davies vacuum looks like a squeezed state from the point of view of radiation-dominated era of the universe and the graviton distribution of the squeezed state shows super-Poissonian. However, the latest Planck data show the possibility of deviation from the Bunch-Davies vacuum [25] . Thus we consider a non-Bunch-Davies vacuum due to the presence of gauge fields as the initial state. Remarkably, this initial state becomes a squeezed coherent state and the graviton distribution of the squeezed coherent state shows sub-Poissonian. In order to predict the frequency range of nonclassical PGWs, we present two examples that realize the presence of gauge fields during inflation. We show that PGWs with frequency higher than 10 kHz enable us to detect their nonclassicality with the HBT interferometry.
The organization of the paper is as follows: In section 2, we review how PGWs are generated from quantum fluctuations during inflation and show that squeezed coherent states could appear in the history of the universe. In section 3, we calculate graviton statistics of the squeezed coherent state and clarify the condition for graviton statistics to become sub-Poissonian. In section 4, we propose the HBT interferometer to detect nonclassicality of PGWs and give a criterion for the nonclassicality in terms of the frequency of PGWs.
We present two examples that realize the squeezed coherent states during inflation and predict the frequency range of nonclassical PGWs that could be detected with the HBT interferometry. We summarize our result and discuss the implications in section 5. In appendix, we give short notes on useful relations of quantum states.
2 Quantum initial states of PGWs 
Squeezed states in cosmology
In cosmology, the Bunch-Davies vacuum is usually assumed as the simplest initial state of quantum fluctuations of the universe. This is because spacetime looks flat at short distances and quantum fluctuations are expected to start in a minimum energy state. In this subsection, we show that the Bunch-Davies vacuum looks like a squeezed state from the point of view of radiation-dominated era. The metric of tensor perturbations is expressed as
where η is the conformal time, x i are spatial coordinates, δ ij and h ij are the Kronecker delta and the tensor perturbations which satisfy h ij ,j = h i i = 0. The indices (i, j) run from 1 to 3. To determine the scale factor a(η), we assume the universe goes through a transition from inflationary epoch approximated by de Sitter space (I) to a radiation-dominated era (R).
Suppose that the transition occurs at η = η 1 > 0, then the scale factor changes as
Substituting the metric Eq. (2.1) into the Einstein action, we obtain the quadratic action
where M 2 pl = 1/(8πG) and a prime denotes the derivative with respect to the conformal time. We can expand the metric field h ij (η, x i ) in terms of the Fourier modes
where we introduced the polarization tensor p
Here, the index A denotes the polarization modes, for example, for circular polarization modes A = ± and for linear polarization modes A = +, ×. Note that since we want to discuss graviton number distribution later, we consider finite volume V = L x L y L z and discretize the k-mode
where n are integers.
In quantum field theory, the metric field in the right hand side, h A k (η), is promoted to the operator. The operator h
In the inflationary era, the operator h A k (η) is then expanded in terms of creation and annihilation operators
, and k is the magnitude of the wave number k and * denotes complex conjugation. Eq. (2.5) gives the positive frequency modes v
Similarly, in the radiation-dominated era, we can also expand the operator h
, we obtain the positive frequency mode function
Note that a = 0 for the radiation-dominated era.
Since the positive frequency mode in each period changes, the creation and annihilation operators are also defined respectively. Then the vacuum state for each period is defined as
Note that |0 I is called the Bunch-Davies vacuum. Because the equations of motion for different polarization modes are decoupled in the absence of sources, we focus on either mode below and omit the label of polarization modes A for simplicity unless there may be any confusion. The relation between these different vacua is expressed by a Bogoliubov
where the Bogoliubov coefficients are expressed by
12)
where 
where we defined
Here, instead of using the parameter kη 1 , we introduced a new parameter r k known as the squeezing parameter
where
super-horizon scales (kη 1 < 1) and r k 1 at the end of inflation (kη 1 1).
The unitary operator to realize Eq. (2.14) is defined by the squeezing operator
where ζ = r k e iϕ . OperatingŜ on |0 R , we find the resultant state is equivalent to the Bunch-Davies vacuum [22] 
We see that the Bunch-Davies vacuum is expressed by a two-mode squeezed state of the modes k and −k (or an entangled state) from the point of view of the vacuum in radiationdominated era. Note that we discussed gravitational waves for each polarization mode and then the result is the same as that of a scalar field.
Coherent states in cosmology
In the previous subsection, we discussed gravitational waves in the absence of sources. In this subsection, we introduce matter fields perturbatively and see a coherent state generated.
The coherent state is defined as
where we assumed the eigenvalue ξ k depends only on the magnitude of the wavenumber. Then we find a relation
where we defined the displacement operator
Note that in the last equality in Eq. 
where we considered the linear interaction between metric and the matter field. Hence, the interaction Hamiltonian becomes 22) where the coefficients ξ A k is given by
Here, we used Eqs. (2.4) and (2.6). This interaction generates a coherent state such as
We see that the above state is the same form as Eq. (2.19). Thus, the Bunch-Davies vacuum in the presence of matter fields becomes a coherent state [27] .
Graviton statistics in cosmology
In this section, we characterize nonclassicality by counting graviton numbers (n) in a given state. It is known that the particle number distribution for coherent fields is Poissonian.
Because the mean of Poisson distribution is identical to its variance, the Fano factor defined as F = (∆n) 2 / n equals to one. Any classical theory leads to the distribution wider than
Poissonian (super-Poissonian) and the Fano factor is above one. Thus any distribution narrower than Poissonian (sub-Poissonian) or the Fano factor below one is a signature of nonclassicality. The point is that these regimes of statistics can be measured with Hanbury Brown and Twiss (HBT) interferometry as we will see in Section 4.
In this section, we calculate graviton statistics of quantum state for various inflationary scenarios. We will show that the graviton statistics can be used to classify inflation models.
Conventional Inflation
In subsection 2.1, we found that the Bunch-Davies vacuum is expressed by a two-mode squeezed state (or an entangled state) from the point of view of the vacuum in a radiationdominated era. Then an observer in the vacuum state of radiation-dominated era will observe gravitons defined by the operators c k . The expected number of such gravitons will be given by
where we used Eqs. (2.17), (A.1). Since we cannot distingush between the modes with k and −k, the standard variance is computed as
Then, the Fano factor is found to be
This shows that the graviton distribution in the Bunch-Davies vacuum is super-Poissonian and we do not see nonclassicality even if measurements of gravitons are made.
Inflation with matter sources
In subsection 2.2, we found that the coherent state is generated in the presence of sources.
In this subsection, we consider the Bunch-Davies vacuum in the presence of classical sources from the point of view of the radiation-dominated era.
In the presence of matter fields, an observer in a radiation-dominated era will observe gravitons defined by the operators c k . The expectation number of gravitons can be calculated
where we used Eqs. (2.18), (A.1), (A.5) and ξ k = |ξ k | e iθ . The standard variance is also calculated as
where we assumed that n k and n −k are indistinguishable and calculated the standard variance for the sum of them. Finally, the Fano factor is found to be
In cosmology, we can take ϕ = 0 as in Eqs. (2.12) and (2.13) for kη 1 < 1. Also we will see ξ k becomes real in Section 4.2 and 4.3. Hence, let us consider the case θ − ϕ/2 = 0. We get
If the Fano factor F satisfies
the graviton distribution in the squeezed coherent state is sub-Poissonian. That is, we have a chance to see nonclassicality if an experiment is carried out to detect PGWs.
Possible detection of nonclassical PGWs
In the previous section, we found that graviton distribution produced by inflation in the presence of sources becomes sub-Poissonian. In this section, we propose to make use of Hanbury Brown and Twiss (HBT) interferometry for future detection of nonclassical PGWs.
Hanbury Brown and Twiss (HBT) interferometory
Originally, HBT interferometry was introduced in the context of radio astronomy [23, 24] .
They showed that the measurements of intensity-intensity correlations provide accurate measurements of the diameter of stars. In quantum optics, the intensity-intensity correlations provide a method of investigating the nonclassical nature of photons. This concept has been first applied to cosmology in [28, 29, 30] and more recently in [31] . In this work, we aim to use of the HBT interferometry in order to observe nonclassical PGWs.
In Young's interferometer experiment, we measure the intensity of a field from two slits, that is, amplitude-amplitude correlations produced at the two slits. This is defined by the first order coherence function, which is expressed as
where a(t) and a † (t) are the anihilation and creation operators of photons respectively at the time t. The time delay between the signals from the two slits is expressed by τ . The Young's interferometer can be used to derive information on the coherence (classical or nonclassical)
properties of fields. However, we cannot distinguish between classical and nonclassical fields from their fringe patten.
In quantum optics, a more accurate method to investigate the nonclassical nature of the field is developed. It is called Hanbury Brown and Twiss (HBT) interferometry. The difference from the Young's interferometer is to use two detectors. The signals from the two detectors are electronically correlated and the net current is measured. The HBT interferometer measures intensity-intensity correlations, that is, the second order coherence function defined as
where the time delay between the signals at the two detectors is expressed by τ . The modulated interference becomes 50 percent for classical fields but it goes up to 100 percent for nonclassical fields. Then the second order coherence function makes us possible to distinguish between classical and nonclassical fields from their fringe pattern.
We can rewrite this function in terms of the Fano factor as below
Hence, g (2) (0) becomes less than one if the Fano factor is below one. Then, if the inflationary universe had experienced a situation where the Fano factor is less than one, we have a chance to detect a nonclassical signature in PGWs with the HBT interferometer. In principle, g (2) ( 0) can be measured by two laser interferometers.
Criterion for nonclassicality
In subsection 3.2, we found that we have a chance to detect nonclassical PGWs if Eq. (3.8)
is satisfied. The squeezing parameter in Eq. (3.8) can be expressed in terms of frequency at present as follows.
We translate the comoving wavenumber k to the physical frequency f at present as
where t 0 is the present time. By using the conformal time at the moment inflation ends η 1 , a parameter corresponding to the squeeing parameter r k is expressed by
where the scale factor grows as a = 1/(−Hη) during inflation and H is the Hubble parameter.
We assumed an instantaneous transition between radiation domination and matter (dust) domination. For matter domination and a flat geometry, the scale factor grows as a ∝ t
2/3
and for radiation domination it grows as a ∝ t 1/2 . The time of matter-radiation equality is given by t eq .
Let us define the cutoff frequency for the PGWs generated at the end of inflation f 1 as
and the redshift is defined as 1 + z eq = a(t 0 )/a(t eq ) = (t 0 /t eq ) 2/3 . Here, we used the numbers z eq = 2.4 × 10 4 and 1/2H eq = 10 11 s. Thus, there is no PGWs generated during inflation with frequency higher than the cutoff frequency f 1 . By using Eqs. (2.13) and (2.15), the squeezing parameter is found to be expressed as 
Since 1 GHz is a cutoff scale for PGWs generated during inflation, we have a chance to detect the nonclassical PGWs if the amplitude of |ξ k | is larger than one.
In the conventional inflation models, GWs are calculated without sources during inflation.
However, there are some models in which matter fields grow during inflation and disappear after the inflation. The observational predicitons by those models does not contradict with the latest Planck data [25] . They make squeezed coherent states and give us a chance to detect nonclassical PGWs. In the next subsections, we present two models with a gauge field as the classical matter source and estimate the frequency band to detect nonclassical PGWs.
Anisotropic inflation
In the anisotropic inflation model [32, 33] , a dynamical cosmological constant due to a gauge field coupled with a slow-rolling scalar field is considered. The gauge field survives during inflation in spite of comic no-hair conjecture and produce statistical anisotropy in the CMB.
The action to realize such a situation is given by
where U (φ) and J(φ) satisfy a relation
Here, U (φ) is an arbitrary potential and q is a dimensionless parameter. The gauge field is expanded in Fourier space as
The equation of motion for the gauge field A i (η, k) satisfies
The electric and magnetic fields in Fourier space are given in terms of the gauge field such as
We substitute those fields back into the action Eq. (4.10). Then we obtain [34, 35] 
where the action for the scalar field was omitted for simplicity because it is very small and unnecessary to compare with Eqs. (2.22) and (2.23). By comparing Eq. (4.15) with them, we can read off ξ k . In this way, a coherent state is produced. This coherent state is regarded as a squeezed coherent state from the point of view of radiation-dominated era.
The solution for the electromagnetic field is given by
where ν ∼ qU/ (M pl ∂ φ U ). Then the eigenvalue of the coherent state |ξ k in Eq. (2.23)
where we used Eq.(2.7) for kη 1 and estimated the generation of gravitons for the duration of inflation and then replaced the time integral by 1/H, which should be the minimum estimation. We also regarded the volume V is large enough and replaced the summation with respect to p by integration. Since E i and B i are rapidly oscillating, we can approximate k p. As to the integral with respect to p, we simply approximated it by p 3 on dimensional grounds as
The duration of growth of gauge fields is given by the number of e-foldings N gauge = − log(−pη). Thus, the electric field Eq. (4.16) can be written as Hence, we can detect nonclassical PGWs for f > 100 kHz with νN gauge ∼ 30 and H = 10 −4 M pl . The boundary of frequency range of nonclassical PGWs for anisotropic inflation model is depicted in dot-dashed green line in Figure 1 . As was shown in [35] , the density parameter of PGWs Ω GW can be sufficiently large depending on the model parameter.
Axion inflation
In the axion model [36, 37, 38, 39, 40] , an axion field φ couples to gauge fields and experiences a tachyonic instability. This instability leads to exponential growth of gauge fields.
The action we consider is
where f a is an axion decay constant, λ is a dimensionless parameter and µναβ is the LeviCivita tensor. The potential U (φ) is of the form where Λ is a non-perturbatively generated scale.
The gauge field obey the following equation of motion
In the interval (8χ)
2χ, a tachyonic instability occurs only in the positive helicity polarization modes
where e πχ reflects underling tachyonic instability. The electric and magnetic fields in Fourier space are given in terms of the gauge field as In this model, we have classical background
Thus, we obtain For example, if we take χ ∼ 10 and H = 10 −4 M pl , this reduces to f > 10 kHz. Namely, we can marginally detect nonclassicality in the PGWs with LIGO detector. The boundary of frequency range of nonclassical PGWs for axion inflation model is depicted in dot-dashed red line in Figure 1 .
Summary and discussion
We considered possible detection of nonclassicality of primordial gravitational waves (PGWs) by applying Hanbury Brown -Twiss (HBT) interferometry to cosmology. We characterized the nonclassicality of PGWs in terms of sub-Poissonian statistics and the Fano factor (the ratio of variance to mean) below one as is often done in quantum optics. We showed that the initial presence of classical sources induces coherent states during inflation and which look like squeezed coherent states from the point of view of radiation-dominated era. We calculated graviton statistics of the squeezed coherent states and showed that it becomes subPoissonian. We then clarified the condition for graviton statistics to become sub-Poissonian in Eq. (3.8). We proposed the HBT interferometry to detect the nonclassical PGWs and gave a criterion for the nonclassicality in terms of the frequency of the PGWs in Eq. (4.9).
In order to predict the frequency range of nonclassical PGWs, we presented two concrete models, namely, anisotropic inflation model due to gauge fields and axion inflation model with Chern-Simon coupling. We found that if the PGWs with frequency range higher than 100 kHz for anisotropic inflation or 10 kHz for axion inflation model were detected, the PGWs could tell us information about the quantum mechanical origin of the universe.
There may be technical issues to realize the HBT interferometry as a future laser interferometer. However, if we succeeded in detecting nonclassical PGWs, we would be able to gain not only information about quantum mechanical origin of the universe, but also about the inflationary scenario that the universe experienced. This will practically prove inflationary cosmology. On top of that, the detection of nonclassical PGWs would imply discovery of gravitons.
There are many directions we can pursue. We can extend our analysis to PGWs with polarizations in terms of Stokes parameters. This would be useful to narrow down the inflation models that produce PGWs with polarizations [41, 42, 43, 44, 45] . We can calculate correlation function between Stokes parameters which may show a new kind of nonclassicality. Furthermore, we can extend our analysis to higher order correlation functions in order to characterize the coherence properties of fields. Recently, it was shown that there exists entanglement with causally disconnected regions [6, 7, 8, 10, 12, 13, 14] . If we consider the effect of entanglement on the initial quantum state, we may be able to prove the existence of other universes by the nonclassical PGWs.
